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Abstract
ATLAS results on the production of photons and Z bosons in lead-lead collisions at the LHC
are presented. Their production rates are found to scale with the number of binary collisions, as
expected from QCD factorization at large transverse momentum. This makes them an ideal tool
for probing the modiﬁcation of jets which balance their transverse momentum. Despite the large
diﬀerences in available statistics, both channels show a strong modiﬁcation of the energy of the
recoil jets, which increases with centrality.
1. Introduction
Dijet events in heavy ion collisions were found to show strong asymmetries in the transverse
energy of the two jets. However, these studies have been limited by the fact that it is not clear
whether only one or both of the jets is modiﬁed by the medium [1]. Photons and Z bosons
(and their decay leptons) are not aﬀected by the hot, dense medium and thus should allow the
calibration of the scale of the hard process, and thus directly probe energy loss. Furthermore,
their individual rates are useful to check production rates which are calculable in pQCD, whether
at NLO (for photons) or NNLO (for Z bosons). Of course photons have an appreciable rate to
be emitted in the fragmentation of high energy jets, so an isolation condition (e.g. a maximum
energy in a well-deﬁned cone around the photon) is often applied to make the comparison to the
calculations well-deﬁned. In either case, both photons and Z’s are sensitive to modiﬁcations to
the parton distribution functions in the nuclear environment.
2. Experimental setup and data taking
The ATLAS detector [2] is a capable detector for measuring both photons and Z bosons in
the high multiplicity heavy ion environment. The high resolution inner detector (ID), composed
of silicon pixels, silicon strips, and a transition radiation tracker, covers up to |η| < 2.5 and
provides a high resolution energy measurement for electrons and muons. The electromagnetic
showers from photons and electrons are measured in a longitudinally-segmented electromagnetic
calorimeter, which covers |η| < 4.9, with particularly ﬁne segmentation within |η| < 2.5. Muons
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Figure 1: Mass spectrum of Z bosons reconstructed in the dielectron (left) and dimuon (right) channels (from [6]).
are measured in the inner detector as well as a high resolution muon spectrometer (MS), covering
|η| < 2.7.
The measurements were made using the 2011 lead-lead dataset, taken in November and De-
cember 2011, with an integrated luminosity of Lint = 0.16 nb−1, with (0.14-0.15) nb−1 usable
for physics analysis. Both the photon and Z analyses use the ATLAS forward calorimeter (FCal)
to deﬁne the event centrality on an event-by-event basis, using the total transverse momentum
(
∑
ET ) of all calorimeter cells at the electromagnetic scale in the interval 3.1 < |η| < 4.9. The
FCal
∑
ET distribution in 2011 was found to be identical to that measured in 2010 (after a con-
stant 4.1% rescaling of the electromagnetic energy scale) which was calibrated to sample 98±2%
of the total inelastic cross-section. The uncertainties in the geometric parameters (the number of
participating nucleons Npart, the number of binary collisions Ncoll, and the mean nuclear thickness
function 〈TAA〉) include cross-section and Glauber uncertainties [3].
The photon analysis [3] uses Lint = 0.13 nb−1 of the 2011 data sample. A detailed calibration
of the integrated luminosity scale to the number of minimum bias events gave a total of 7.6×108
events sampled within 0-80% centrality, with an error of less than 1%. The data were prepared
as a special selection of events triggered on an electromagnetic cluster (in a window size of
Δη × Δφ = 0.2 × 0.1 or 0.1 × 0.2) with a transverse energy of 16 GeV at the trigger scale. Using
minimum bias data, this trigger is found to be 100% eﬃcient for photons with a transverse energy
above 25 GeV. Contributions to the overall energy ﬂow from the underlying event are removed
from every event, using an identical algorithm to that used for the ATLAS jet analysis [4, 5].
The jet analysis reconstructs jets using the anti-kt algorithm with a radius parameter R. It is
based on excluding regions around R = 0.2 calorimeter jets with ET > 25 GeV and track-jets
with ET > 10 GeV, removing the modulation due to elliptic ﬂow, and then updating the set of
excluded regions in a second iteration step, whereupon the mean background and elliptic ﬂow
correction is recalculated.
The Z boson analysis [6] has been performed in two diﬀerent channels, via decays to di-
electrons and dimuons. The dielectron channel was triggered using a similar trigger as for the
photons, but with a slightly lower threshold of ET > 14 GeV. Also, as with the photons, there
was no use of the ATLAS high level trigger system. In the oﬄine analysis, the underlying event
background, calculated during the jet reconstruction (discussed previously), was used to correct
the electron energy reconstructed with unsubtracted cells. The dimuon channel required full use
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Figure 2: (left) Rapidity distribution of Z bosons in the 0-80% centrality interval, (middle and right) transverse momen-
tum distributions. In both cases, the measured spectra are compared with the distribution from PYTHIA, normalized to
the NNLO cross-section and scaled by 〈TAA〉 (from [6]).
of the ATLAS multi-level trigger system. Muons reconstructed with pT > 4 GeV at Level 1
were used to seed a track reconstructed by the high level trigger system using precision muon
spectrometer information, as well as the inner detector. The high level trigger system was also
able to trigger on fully reconstructed events in the muon spectrometer, for muons with pT > 10
GeV, seeded on a coincidence of the ATLAS Zero Degree Calorimeters. The Z analysis used
nearly the full sample of Lint = 0.15 nb−1, and thus sampled over 8 × 108 events in the 0-80%
centrality interval.
3. Z yields
The mass spectra of dielectron and dimuon pairs from the triggered lead-lead events are
shown in Fig. 1. Reconstructed electrons require a match of a track with an electromagnetic
cluster, along with a set of shower shape cuts chosen to give good eﬃciency, while rejecting
background from hadronic activity within jets. In the Z → μμ analysis, single muons are recon-
structed with several quality levels. High quality muons are reconstructed in both the MS and
ID with consistent angular measurements, as well as with a good match to the event vertex. At
least one muon in each pair, matched to the trigger, is required to be of such quality. If the sec-
ond muon in the pair has hit patterns in the MS and ID satisfying criteria of high reconstruction
quality, the minimum pT threshold is set to 10 GeV for both muons. If the second muon fails this
condition, both muons are required to satisfy pT > 20 GeV.
After these selections, 772 Z boson candidates are reconstructed in the dielectron channel,
while 1223 candidates (with 3% same-sign background) are reconstructed in the dimuon chan-
nel [6].
The eﬃciency corrected rapidity and transverse momentum distribution of Z bosons are
shown in the left and right panels of Fig. 2, respectively. They are compared to distributions
from PYTHIA, with the overall integral normalized to the NNLO cross-section [7], scaled by the
mean nuclear thickness function 〈TAA〉.
The yield of Z bosons, integrated over transverse momentum and rapidity, and scaled by
the number of binary collisions is shown in Fig. 3. It is observed that within the statistical
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Figure 3: Yield of Z bosons, for four transverse momentum intervals (pT < 10 GeV, 10 < pT < 30 GeV, pT > 30 GeV.
and all pT), divided by Ncoll as a function of Npart (from [6]).
and systematic uncertainties, the yield of Z’s at both low and high pT scales linearly with Ncoll,
indicating no strong modiﬁcation of the nuclear parton distribution functions with increasing
centrality.
4. Photon yields
Photon reconstruction in the ATLAS calorimeter [8, 9] is seeded by clusters with ET > 2.5
GeV. Clusters are found using a sliding window algorithm, themselves seeded on local maxima
in the second sampling layer, which captures over 50% of the transverse energy of a typical pho-
ton. The high track density precludes the matching of tracks from conversions, produced in the
beam pipe of detector far from the primary vertex, to a photon candidate. However, converted
photons with large transverse momentum desposit energy in only a slightly larger region than
unconverted photons, so calibrations were determined for the inclusive photon sample. The en-
ergy measurement is made using the full electromagnetic calorimeter. Note that the background
subtraction is a small correction,of the order of a GeV even in the most central events, due to the
small size of electromagnetic showers in the calorimeter.
Photons are distinguished from the dijet background by a selection on a set of nine shower
shape variables, similar to that used in pp analyses [8, 9] but optimized for heavy ions [3] (called
the ”HI Tight” selection), and an isolation criterion based on requiring a maximum of 6 GeV
transverse energy deposited in the calorimeter in a cone of R=0.3 around the photon candidate
direction. The photon purity is determined by the ”double sideband” technique, which uses the
ratio of non-isolated to isolated ”non-tight” photons (which are enriched with dijets) to extrap-
olate non-isolated tight photons into the signal region of tight, isolated photons. The photon
eﬃciency is determined from simulations as a function of centrality, and is the product of three
eﬃciencies: reconstruction, identiﬁcation, and isolation. The last factor is the probability of a
signal photon passing the isolation requirement, which is found to be about 85% in central events,
due to the width of the isolation transverse energy distribution stemming purely from underlying
event ﬂuctuations.
The eﬃciency corrected yields of prompt, isolated photons as a function of centrality are
shown in the left panel of Fig. 4, compared with CMS data [10] (from a slightly wider pseudo-
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Figure 4: (left) Eﬃciency corrected yields of prompt photons in |η| < 1.3 using HI tight cuts, isolation cone radius Riso
= 0.3 and isolation energy of 6 GeV, divided by JETPHOX 1.3 predictions, which implement the same isolation cut,
from [3]. Statistical errors are shown by the error bars. Systematic uncertainties on the photon yields are combined
and shown by the yellow bands. The scale uncertainties from 〈TAA〉 are not shown. (right) Corrected yields divided by
JETPHOX 1.3 predictions, which implement the same isolation selection, from [3].
rapidity interval) and perturbative NLO calculations from JETPHOX 1.3.0 [11], with the same
isolation requirement applied at the parton level. The right panel shows the data divided by the
NLO calculations, which is comparable to RAA but relative to theory rather than pp data (which
are not available for the photon transverse energy range considered here). These results are con-
sistent with measurements from the PHENIX experiment in gold-gold collisions at
√
sNN = 200
GeV [12]. and CMS in lead-lead collisions at
√
sNN = 2.76 TeV [10], which both also observed
yields to be consistent with a linear scaling with Ncoll.
5. Boson-jet correlations
To quantify the modiﬁcation of jet production in heavy ion collisions, three variables are used,
following the notation established by the ﬁrst results from CMS [14]: the momentum fraction
xJγ = p
jet
T /p
γ
T, with an equivalent deﬁnition for xJZ; the acoplanarity ΔΦJγ; and the survival
probability RJγ, the probability of ﬁnding a matching jet for a selected photon or Z.
5.1. Z-jet correlations
For Z-jet correlations, the jets are reconstructed and background subtracted using the standard
iterative procedure described above, and a fake rejection is applied based on the presence of a
track-jet or electromagnetic cluster close to the jet direction. It is observed that for Z transverse
momentum above 50 GeV, the jet and Z are emitted primarily back to back. To account for the
smearing of the jet momentum by detector eﬀects, a bin-by-bin unfolding in jet pT is performed.
Fig. 5 shows the corrected xJZ distribution for p
jet
T > 25 GeV, p
Z
T > 60 GeV and xJZ > 25/60, for
0-20% central events (left) and 20-80% central (right). Although the number of counts is quite
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Figure 5: Ratio of the jet (R=0.3) and photon transverse momenta, for Z transverse momentum greater than 60 GeV
and jet transverse momentum greater than 25 GeV. Left panel is for 0-20% most central events while right panel is for
20-80% most central, from [13].
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Figure 6: Z-jet transverse momentum fraction as a function of Npart for three jet radius parameters. Two exclusive
centrality selections (0-20% and 20-80%) and an inclusive selection (0-80%) are shown, from [13].
small, Fig. 6 shows that a systematic decrease in the mean xJZ is observed going from peripheral
to central collisions, and the central value is signiﬁcantly lower than expected from PYTHIA
predictions.
5.2. Photon-jet correlations
The advantage to photon-jet correlations are the large increase in cross-section, since the
Z mass no longer constrains the available phase space. The disadvantage is, as mentioned
above, the larger background from dijets. The photon-jet analysis from ATLAS is based on the
yield analysis described above, although the primary simulations are performed by overlaying
PYTHIA photon-jet events onto real data evets. These simulations are used to determine both
photon and jet eﬃciencies, for events with the leading jet (after fake rejection) falling within
Δφ > 7π/8 of a tight, isolated photon candidate. The use of data overlay removes uncertainties
related to whether or not the background is correctly modeled, since it is so by construction.
The response of the jets is unfolded for jet energy resolution using response matrices determined
by the PYTHIA+Data samples. The unfolding is implemented in two steps using the SVD ap-
proach [16]. This is ﬁrst performed on the jets from the inclusive sample of photon-jet candidate
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Figure 7: Unfolded distribution of photon-jet transverse momentum fraction, normalized per photon in four centrality
intervals, for photon transverse momentum between 60-90 GeV and jet momentum greater than 25 GeV. The top row is
for jet radius R = 0.2 and the bottom row is for R = 0.3, from [15].
events, and then the unfolding matrix is applied event-by-event to map the pT of each leading jet
into the ﬁnal histogram of xJγ.
Figure 7 shows the ﬁrst fully unfolded results for (1/Nγ)dNJγ/dxJγ in lead-lead collisions as
a function of centrality (four bins: 40-80%, 20-40%, 10-20% and 0-10%) and for two jet radius
parameters (R = 0.2 and R = 0.3). The photon is selected to have 60 < pγT < 90 GeV and
|ηγ| < 1.3 The associated leading jet is selected to have pjetT > 25 GeV, |ηjet| < 2.1 and |ΔφJγ| >
7π/8. To compensate for the large photon pγT interval, events are only kept if xJγ > 25/60. The
error bars are statistical, although the unfolding procedure induces correlations between nearby
bins. The grey error bands include the total systematic uncertainties with contributions from both
the jet and photon. The yellow histogram shows PYTHIA results using true photon and true jet
kinematics in events selected with the same isolation and photon selection criteria as that used in
reconstructed events. It is observed for both jet radius parameters that while the xJγ distribution
measured in peripheral events is similar to that predicted by PYTHIA, the central events show a
strongly modiﬁed distribution and a strong reduction in the overall yield, from the reduction of
the number of events satisfying the minimum xJγ requirement.
These modiﬁcations are quantiﬁed more precisely in the left and right panels of Fig. 8. The
left two ﬁgures show 〈xJγ〉 as a function of Npart for jet radius parameters R = 0.2 and R = 0.3. It
is observed that while the measured mean agrees with PYTHIA predictions in the most peripheral
events, it is signiﬁcantly reduced in the most central events. The right two ﬁgures show the Npart
evolution of RJγ, the fraction of photon events with an associated jet satisfying the kinematic
requirements. While peripheral events agree with the PYTHIA prediction that 70% of photons
have associated jets in an unmodiﬁed distribution, this fraction is reduced by nearly a factor of
two in the most central events. Despite these strong modiﬁcations to the jet energy in central
events, exponential ﬁts to the acoplanarity relative to the photon show no signiﬁcant change to
the slope as a function of centrality [15].
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Figure 8: (left) Mean photon-jet momentum fraction as a function of Npart for two jet radius parameters (0.2 and 0.3)
(right) Mean photon-jet survival fraction, also as a function of Npart for two jet radius parameters (0.2 and 0.3), from
Ref [15].
6. Conclusion and outlook
Electroweak probes provide a powerful tool to study the modiﬁcation of jets in the hot, dense
medium produced in heavy ion collisions. This work has shown recent ATLAS results on Z and
photon production, and new results on their correlation with jets. Measurements of Z bosons
show that the rapidity and momentum distributions agree well with PYTHIA calculations nor-
malized to the NNLO cross-section and scaled by 〈TAA〉. The integrated yields scale linearly
with the number of binary collisions. Finally, the correlation of Z’s with jets show a clear atten-
uation of the jet energy relative to the expectation from the Z pT. Photon yields are measured
out to 200 GeV, after accounting for the background from dijet events. Good agreement with
JETPHOX 1.3.0 is observed, along with linear scaling with Ncoll. The correlation of photons
with jets, after full corrections and unfolding, shows a clear back-to-back correlation but a strong
centrality-dependent attenuation of the jet energy and a reduction of the fraction of photons asso-
ciated with a jet. While these measurements already provide a ﬁrst look at jet quenching without
the ambiguities inherent in dijet correlations, they will both clearly beneﬁt from the increased
energy and luminosity of the LHC after the upcoming long shutdown.
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